Abstract Genes linked to major neurodegenerative diseases, including Alzheimer's, Parkinson's, and Huntington's diseases, were first identified over 15 years ago, but neither a full molecular explanation for the cell loss seen in human patients nor a curative therapy has yet been achieved for any of these diseases. In most model organisms, when new hypotheses are needed to explain a cellular process, genetic screens are the tool of choice. For example, 'synthetic lethal' screens can lead to the identification of genes that enhance the toxicity of a particular mutation, revealing pathways critical for surviving the mutation's effects. To date, however, genome-wide unbiased screens are not feasible in mammalian central nervous system neurons except in vitro, which fails to capture the relevant disease pathologies, and no genome-wide screens have yet been conducted in the mammalian central nervous system. We outline in this short monograph the steps needed to implement a methodology that allows for genome-wide genetic screening in the central nervous system of mice to study both normal and degenerative disease gene function.
Introduction
Genome-wide genetic screens have been used for decades in S. cerevisiae, C. elegans, and D. melanogaster to elucidate many important aspects of cell biology. Such traditional mutagenesis-based genome-wide genetic screens have been impossible to routinely perform in mice due to the prohibitively large number of mice that would be needed. However, the ability to perform such screens in the nervous system would enable the generation of new hypotheses regarding the molecular mechanisms of disease. For example, unbiased genome-wide genetic screens could reveal genes that are involved in the toxicity of disease-associated mutations, such as mutations in the huntingtin gene that are found in human Huntington's disease patients. Such neurodegenerative disease-focused genetic screens have been attempted in S. cerevisiae, C. elegans, and D. melanogaster, but these screens by definition fail to capture the full complexity of mammalian neurons-an important point, given the widely varying susceptibility seen amongst cell types in neurodegenerative diseases. Alternatively, genome-wide genetic screens that utilize mammalian neuron-like cells have been conducted in vitro, but these screens are also unable to recapitulate the many aspects of in vivo neurons in the mammalian central nervous system (CNS). The in vivo context may be essential to many aspects of CNS biology, given for example the diversity of CNS cell types, the likely importance of both cell autonomous and non-cell autonomous factors in neurodegenerative diseases, and the known age dependency of most neurodegenerative diseases. Ideally, these screens would be done in mammalian neurons in their native cellular environment.
To bypass the difficulties associated with classical mutagenesis screening as well as the diploid nature of mammalian genomes, genome-wide short hairpin (shRNA) and clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPRassociated protein 9 (Cas9) screening approaches have been applied to mammalian cells in vitro (e.g., among many others, Moffat et al. 2006; Root et al. 2006; Shalem et al. 2014; Wang et al. 2014; Zhou et al. 2014) . Despite the power of these methodologies, there are many challenges to their application in vivo, especially in the CNS. Indeed, mammalian genome-wide shRNA or CRISPR genetic screens have been conducted mainly either in vitro, in transformed cell lines, or else in primary cells manipulated ex vivo and then returned in vivo (Chen et al. 2015; Graham and Root 2015) . Based on the insights that have come from such studies, genome-wide genetic screening could be a powerful tool for the study of normal cellular function and degenerative disease processes in the mammalian CNS, provided that such screens are performed in the context of models that recapitulate the relevant biology. For this reason, we recently developed a genetic screening workflow that allows rapid, high-sensitivity screening in the mouse CNS for aging and neurodegenerative disease processes (Shema et al. 2015) . This workflow combines the use of (1) pooled lentiviral shRNA libraries; (2) stereotaxic injection of these pools into mouse models of neurodegenerative disease and wild-type littermates; (3) incubation of injected libraries, such that shRNAs that enhance neurodegenerative disease gene toxicity lead to cell death; and (4) sequencing and analysis of the remaining shRNAs elements in all surviving cells in order to determine which constructs have enhanced cell death and thus 'drop out' of library representation (Fig. 1) .
For our genetic screening workflow, we first used shRNA viral libraries, since genome-wide shRNA libraries for the mouse genome are available and have been successfully utilized in many studies. In our pilot screen, we chose to target genes that enhanced the lethality of a fragment of the mutant huntingtin gene.
Huntington's disease is the most common inherited neurodegenerative disorder, but the molecular pathways that are essential for mutant Huntingtin protein's toxicity in vivo are not fully understood. Huntington's disease is particularly amenable to genetic screening, as it is a monogenic disease for which several mouse models exist (Huntington's Disease Collaborative Research Group 1993; Mangiarini et al. 1996) , and the most greatly affected brain region (caudate-putamen/striatum) is a well-delineated sub-cortical structure. Since Huntington's disease displays an aging component (Mattson and Magnus 2006) , we first chose to target a set of genes that showed altered expression both in the context of normal aging and in mutant Fig. 1 Genome-wide genetic screening in the mammalian CNS. Pooled viral libraries containing shRNAs, gRNAs, or cDNAs are first concentrated via ultracentrifugation to a high titer suitable for bilateral injection into the striatum (or other CNS target area) for in vivo transduction. After injection, viral payloads are allowed to integrate into the host cell genome and express for several weeks. During this time, genetic perturbations that enhance toxicity in a disease model context may enhance cell death. The targeted tissue is then carefully dissected and the genomic DNA is extracted. After PCR and sequencing of library elements, deconvolution and analysis reveals the library representation. Those genes that enhance cell death in vivo will be depleted or lost from the library (red arrows) in the mutant as compared to control animals and thus can be identified as potential modifiers of neuronal toxicity (orange barcode). These genes can then be confirmed in follow-up validation experiments Huntingtin expression in CNS neurons. Of these genes, we identified one, Gpx6, that enhances the toxicity of mutant Huntingtin protein when its expression is reduced and that partially reverses Huntington's disease-like symptomatology when overexpressed in mouse striatum (Shema et al. 2015) . With this proof-ofprinciple study complete, we outline below parameters that will be essential to extend this methodology to perform genome-wide screening in the mammalian CNS.
Genome-Wide Viral Library Preparation and Delivery
Stable and long-term transduction of post-mitotic neurons by lentivirus has been in use for over 20 years (Naldini et al. 1996a, b) . The available genome-wide shRNA or CRISPR guide RNA (gRNA) viral libraries described to date are typically packaged with a vesicular stomatitis virus-G (VSV-G) envelope due to resulting high stability and wide host cell range of the virus (Moffat et al. 2006; Root et al. 2006; Shalem et al. 2014; Wang et al. 2014; Zhou et al. 2014) . VSV-G pseudotyping additionally enhances the neuronal tropism of lentivirus (Burns et al. 1993; Yee et al. 1994) . Concentration of the initially obtained viral supernatants by ultracentrifugation yields high titers of intact VSV-G pseudotyped virus (Burns et al. 1993; Yee et al. 1994 ) that are essential for in vivo stereotaxic injections into the brain. As lentivirus is a relatively large virus (~100 nm), its diffusion is limited in the dense neuropil of the mammalian CNS. Given this consideration, injection parameters must be carefully optimized for each target tissue region (Cetin et al. 2006 ). Adeno-assisted virus (AAV) represents another potential delivery vehicle for pooled screens. As AAV is a small (~20 nm) non-enveloped virus that can be concentrated to very high titers, it is ideal for in vivo CNS delivery and, for this reason, AAV vectors have been widely used in human gene therapy clinical trials (Hocquemiller et al. 2016 ). Drawbacks to using AAV include its limited payload size (~4.5 kb), which limits the ability to perform cDNA overexpression screens, and the fact that the AAV serotype to be used may need to be optimized for the CNS cell type of interest.
The choice of viral library payload will depend on the experimental goals of the screening project but, in principle, cDNA, shRNA, or CRISPR gRNA libraries could all be used to interrogate CNS gene function. A recent study that compared the results of both shRNA and CRISPR/Cas9 gRNA screens to identify essential genes in a leukemia cell line found modest correlation between screen results , and in some biological contexts it may be that both knockdown (shRNA or CRISPRi; Qi et al. 2013 ) and knockout (CRISPR) strategies should be employed to examine disease-relevant mechanisms .
Once a viral library is chosen and prepared, the number of cells needed for genome-wide screening should be estimated to determine the feasibility of conducting screening in the desired CNS cell population. Based on past shRNA and CRISPR gRNA screens, approximately 1000 cells should be targeted per library element, depending on the details of the screen. This number is necessary to average out noise in the assay itself, and also heterogeneity in the genetic perturbation induced in each cell, as well as inherent variability in the response of the screened cells to the perturbation. (Graham and Root 2015) . Thus, for a CRISPR gRNA library that contains approximately four gRNAs per protein-coding gene, the 80,000 library elements should each be targeted to approximately 1000 cells (thus 80 million cells in total across all replicates). Reducing either biological or technical variability, for example by employing a more homogeneous cell population, can reduce the number of cells needed in each screen. The time between injection of the library and harvesting of the cells for analysis will be determined by experimental goals and could range from several days to months, depending on the rate of progression of the CNS phenotype being screened.
Interpretation of Results
As in other pooled RNAi/CRISPR screens, in CNS genome-wide screens genomic DNA is extracted from the target tissue and subjected to PCR for constant regions in the shRNA/gRNA sequences. The samples are then barcoded, pooled, sequenced, and run through deconvolution analysis to determine the representation of each individual library element. A few key factors that determine the quality and the interpretation of the results are the number of elements targeting each individual gene, if it is shRNA, gRNA or cDNA, and the depth of sequencing. A number of different methods and tools have been designed to analyze pooled screening data, and these differ based on library complexity and the type of element used to induce the perturbation. There are also a number of analytical tools that have been developed for analysis of RNAi and CRISPR genome-wide screens to assign enrichment/depletion scores, including, for example, Model-based Analysis of Genome-wide CRISPR/Cas9 Knockout (MAGeCK), RNAi Enrichment Gene Ranking (RIGER), and STARS, which rank shRNA or gRNA performance based on magnitude and consistency of elements for each gene that is depleted or enriched (Luo et al. 2008; Li et al. 2014; Doench et al. 2016) . Another tool, Cas9 highThroughput maximum Likelihood Estimator (casTLE), can be used to combine data of shRNA and gRNA screens to increase sensitivity .
A primary genome-wide in vivo screen may yield hundreds of hits, and independent validation of these targets is necessary to confirm the assay results and the gene specificity of the observed effects and to understand the role of the genes in modifying disease phenotypes (Fig. 2) . Two strategies for validation of genomewide in vivo screening can be utilized to assess performance of the primary screen and confirm hits. Creation of sub-pool libraries allows efficient validation of several hundred potential hits. This strategy has been used to validate findings in vitro and in cells reintroduced in vivo (Chen et al. 2015) . Sub-pool elements could include shRNAs or gRNAs that target genes that were unchanged in the primary screen, an additional 4-5 shRNAs or gRNAs for the primary screen hit genes, and carefully designed 9C11 controls that reveal shRNA seed-related off-target effects (Buehler et al. 2012) . A second approach to validation is by interrogation of individual hits via traditional single-gene knockout/knockdown/overexpression studies. To do this, in addition to classical germline genetic perturbations, CNS viral delivery of top screen-hit validated shRNAs/gRNAs/cDNAs by stereotaxic injection can be used to rapidly introduce a single genetic perturbation, as is routinely performed in many CNS studies with AAV or retroviral vectors. This type of more traditional validation approach has the advantage that it can be used to assay various behavioral and pathological readouts of disease progression and to tease out specific biochemical pathways.
In addition to validation of targets from a single primary screen utilizing a particular genetic perturbation, comparison of data from two different modalities, i.e., both shRNA knockdown and gRNA knockout, or cDNA overexpression and gRNA knockout, may be beneficial. This cross-platform approach has shown to produce varying degrees of overlap in identified targets Evers et al. 2016; Morgens et al. 2016) , highlighting the possible utility of applying several types of perturbations in a multi-armed screen to enhance the specificity of hits or else to expand the type of hits that can be obtained (e.g., certain phenotypes may only be revealed upon gene knockdown, not knockout). While primary genome-wide cDNA screens may be challenging due to the efficiency of Fig. 2 Validation of in vivo screening hits. A primary genome-wide in vivo screen is completed with at least 4-6 elements targeting a single gene, leading to libraries composed of 80,000-120,000 elements. Validation of genes identified in the primary screen can be completed with smaller sub-pool libraries of only~10,000-20,000 elements, which must be carefully designed to include an increased number of unique elements (~10) targeting the positive hits identified in the genome-wide screen as well as appropriate controls. These controls come in the form of elements targeting non-genomic sequences, genes unchanged in the primary screen, and C911 controls that can reveal seed-related off-target effects of hits. Sub-pool validation using a combination of multiple modalities (i.e., cDNA, gRNA and shRNA) may also be used to increase confidence in hits. Additional validation at the single-gene level can then be performed via viral transduction of two to three targeting elements and appropriate controls or else traditional knockdown/knockout/overexpression studies. Such single-gene validation is particularly important for investigation of behavioral and pathogenic readouts of disease processes as well as biochemical mechanisms underlying modification of toxicity packaging genome-wide cDNAs into viral vectors, the potential for use in sub-pool screening of a smaller number of genes is much higher. Therefore, a combination of these techniques (cDNA overexpression, shRNA knockdown, gRNA CRISPR or CRISPRi) may yield increased sensitivity to uncover biological pathways relevant to neuronal function and dysfunction.
Future Directions
Looking forward, the ability to perform cell type-specific genome-wide genetic screens will be helpful to fully understand CNS disease mechanisms, as most neurological diseases display cell type-specific patterns of vulnerability, including the two most prevalent neurodegenerative diseases, Alzheimer's disease and Parkinson's disease (Mattson and Magnus 2006) . The use of a conditional Cas9-expressing mouse line crossed to one that expresses Cre recombinase in the cell type of interest should allow such cell type-specific CRISPR knockout or CRISPRi gRNA screens. Conditional or inducible systems for use with mammalian retroviral vectors (Beier et al. 2011 ) could be useful for lentiviral-based shRNA or cDNA overexpression screens. Genome-wide genetic screening in the mammalian CNS may make it possible to interrogate molecular mechanisms linked to all the major neurodegenerative diseases and eventually to identify common vulnerability factors that may exist among these diseases, for example, aging-related and proteostasis pathways. Finally, the ability to perform genetic screening in the CNS around a non-death phenotype (e.g., biomarker expression using flow-sorting to isolate the hit cells) would greatly expand the power of genome-wide approaches.
